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Abstract 
This paper adopts a concept of life cycle cost (LCC) to develop a scheme suitable to rate the energy 
performance of air-conditioning systems for Thailand.  The developed scheme arranges the performance 
into three levels: good, very good, and excellent by which the excellent corresponds to that that provides 
the minimum system life cycle cost.  The lowest performance level of the scheme is assigned 
corresponding to the minimum performance requirements of air-conditioning systems announced in 
Thailand’s building energy code (BEC).  In this study, the capital cost of air-conditioning equipment was 
obtained from the main manufacturers and distributors in the country.  The operating cost was derived 
from the annual electrical energy consumption of the system simulated using a well-established software 
named “DesignBuilder”. The analysis results show that in most cases the best performance of chillers 
available in the market offers the minimum life cycle cost. 
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Nomenclature   
A annual payment of all nth years LCC Life cycle costing 
COP Coefficient of performance LPD Light power density 
cp Specific heat capacity MEPS Minimum energy performance standard 
EPD Equipment power density n Life span of equipment 
HEPS Higher energy performance standard P Present worth value of initial cost 
i Loan  interest rate r Escalation rate 
k Thermal conductivity SEC Specific energy consumption 
kW/TR Power per refrigerant ton SHGC Solar heat gain coefficient 
1. Introduction 
Energy use in buildings contributes significantly to national energy demands in tropical countries.  For 
Thailand, the electricity consumption has grown at an average rate of 4.5% per annum since 2000.  A 
quarter of the electricity consumed is due to large commercial buildings.  A centralized air-conditioning 
system is commonly employed to provide comfort condition for occupants in the buildings.  Chiller is the 
most energy intensive equipment in the system.  Decision to use the high efficient chiller thus helps 
conserve significantly the energy use in buildings. 
In Thailand, the minimum performance requirement of both chillers and air-conditioning systems is 
assigned as part of the building energy code (BEC).  The requirement is considered as the push 
mechanism that aims to eliminate poor-performance chillers from the market.  However, it does not exist 
a measure as the pull mechanism that promotes further the performance of chillers and air-conditioning 
system beyond the standard.  Figure 1 illustrates the concept of standard push and voluntary pull 
mechanism of energy efficiency. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Fig. 1. Concept of standard push and voluntary pull mechanism of energy efficiency. 
 
This study aims to propose a rating scheme suitable to evaluate the performance of chillers.  The 
scheme was developed using the concept of life cycle cost.  The scheme can be complementary with the 
existing BEC to promote the use of the higher energy performance chillers.  The scheme is also enable to 
be adopted as a part of a building energy labeling (BEL) program in the future. 
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2. Price Survey of Air-Conditioning Equipment 
This paper reports the results from a price survey of air-conditioners and chillers available in 
Thailand’s market.  Prices of chillers were compiled from both local and oversea manufacturers and 
distributors and from interviewing of some local sub-contractors.  The compiled data covers a wide range 
of compressor technologies, cooling capacities and performances.  These data were employed in essence 
for estimating the initial cost of the air-conditioning system. 
 
2.1 Air-cooled water chiller 
 
From the survey, the compressor technologies used for air-cooled chiller is possible to be 
reciprocating compression, scroll compression, and screw-driven compression.  The cooling capacity of 
the air-cooled chiller ranges typically from 10-400 tons of refrigeration (TR).  It can be found that the 
refrigerants used in the air-cooled chiller can be HCFC-22, HFC-134a or HFC-410a.  Table 1 summarizes 
the survey results of the air-cooled water chiller. 
 
 Table 1. Survey data of air-cooled chiller in Thailand’s market. 
 
Compressor Range of cooling capacity (TR) Performance (EER) 
Reciprocating 10-400 9.2-9.85 
Scroll 5-200 9.2-9.85 
Screw 70-400 9.2-10.2 
 
    With the support of the chiller distributors, Fig. 2(a) illustrates the cost of air-cooled chiller as 
function of its performance (COP) and cooling capacity (TR).  Commonly, for each company or brand, 
there are two models of air-cooled chiller, one with standard performance and the other one with a 
premium or higher performance.  From the figure, the smaller chiller size has a higher cost per unit 
cooling. 
 
  
(a) Price of air-cooled chiller    (b) Price of water-cooled chiller 
Fig. 2. Price of chiller as function of performance and cooling capacity. 
 
2.2 Water-cooled water chiller 
 
Table 2 summarizes the price survey results of the water-cooled water chiller. The compressor of 
water-cooled chiller can be reciprocating, screw, rotary and centrifugal.  Reciprocating compressors are 
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used in small cooling capacity whilst centrifugal compressors are used in large to very large size of 
chillers.  The refrigerant that used in water-cooled water chillers are HCFC-22 or HFC-134a.  Fig. 2(b) 
illustrates the cost of water-cooled chiller. 
 
Table 2. Survey data of water-cooled chiller in Thailand’s market. 
 
Compressor Range of cooling capacity (TR) Performance (kW/TR) 
Reciprocating 20-250 0.88-0.92 
Screw 70-400 0.70-0.76 
Rotary 70-450 0.58-0.70 
Centrifugal 170-2500 0.46-0.62 
 
3. Simulation for Hourly Cooling Load of Air-Conditioning System 
 
In a large commercial building, chiller plant comprises generally with more than one set of chiller.  
Number of chillers in the plant affects the initial cost of the system.  It also affects the energy cost as the 
hourly cooling load of each chiller is dependent on the instantaneous total cooling load of the building 
and arrangement of chillers.  A simulation program “DesignBuilder” was employed to determine the 
hourly cooling loads of the building models under Thailand’s climate. 
In this study, the operating cost was determined from the annual electrical energy consumption of the 
A/C system simulated using a simulation software.  As building types and its utilization patterns influence 
the energy consumption of the A/C system, the simulations were performed for three categories of 
buildings i.e. 
• Office and School (8:00-17:00) 
• Hotel and Hospital (0:00-24:00) 
• Department Store and Hypermarket (10:00-22:00). 
 
The generic building model is a square shape 40m x 40m. The model has twenty-stories with the 
floor-to-floor height 3.5m. Each building floor consists of perimeter area and circulation area.  Figure 3 
illustrates the floor plan of the building model. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The floor plan of the building model 
 
Table 3 summarizes the basic data of the configurations of the building models required for inputting 
into the building description files of DesignBuilder software.  In Table 3, LPD stands for lighting power 
density and EPD stands for equipment power density.  The whole building space was assumed to be air-
conditioned. 
 
40m. 
20m. 
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Table 3. Characteristics of buildings models. 
 
Building Space Occupant density (m2/person) 
Fresh air 
 (l/s/person) 
LPD 
(W/m2) 
EPD 
(W/m2) 
Design temp  
(°C) / RH (%) 
Total area 
(m2) 
Office 
Office 0.2 10 15 22 25 / 50 26,650 
Circulation 0.05 10 8 10 26.5 / 50 4,970 
Hotel 
Main lobby 0.2 10 15 15 25 / 50 1,332 
Guest room  0.1 10 15 20 25 / 50 25,317 
Restaurant 0.1 10 20 25 25 / 50 248 
Circulation 0.05 10 10 5 26.5 / 50 4,721 
Department Store 
Shopping 0.1 10 20 15 25 / 50 26,650 
Circulation 0.1 10 15 20 26.5 / 50 4,970 
 
Table 4 describes the period of operation of each type of the building models.  The data also 
differentiates for different spaces in the buildings. 
 
Table 4. Operation time of the buildings and spaces. 
 
Building Space Monday -Friday Saturday Sunday 
Office 
Office Area 8.00-17.00 8.00-12.00 - 
Circulation Area 8.00-17.00 8.00-12.00 - 
Hotel 
Guestroom 0.00-24.00 0.00-24.00 0.00-24.00 
Main gate and lobby 0.00-24.00 0.00-24.00 0.00-24.00 
Shop and Restaurant 8.00-23.00 8.00-23.00 8.00-23.00 
Circulation Area 0.00-24.00 0.00-24.00 0.00-24.00 
Department Store 
Shopping Store 10.00-22.00 10.00-22.00 10.00-22.00 
Office and Store 10.00-22.00 10.00-22.00 10.00-22.00 
 
In addition, the detailed data of the hourly utilization schedules of the buildings i.e. occupancy rate, 
percentage of light lamps and equipments used, number of working hours in a day, number of working 
day in a year, etc. were input into the software.  However, due to the limitation of space, the data are not 
presented in the paper.  Table 5 summarizes the thermal properties of the envelope building materials. 
The schedules of the building utilization had been next fine-tuned to match the electrical load profile 
and the specific energy consumption (SEC) of the building model with the typical values of the same 
building category reported by the Department of Alternative Energy Development and Energy Efficiency 
(DEDE). 
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Table 5. Thermal properties of envelope building materials. 
 
Envelope 
component Material 
Thick-ness 
(m) 
Properties U-value 
(W/m2.K) SHGC k (W/m.K) 
ρ 
(kg/m3) Cp (J/kg.K) 
 
Wall 
Mortar 0.01 0.72 1,860 840 
2.444 
- 
Brick 0.10 0.47 1,600 790 - 
Mortar 0.01 0.72 1,860 840 - 
 
Roof 
Cast concrete 0.10 1.42 2,400 920 
0.154 
- 
Air gap 0.30    - 
Fiber glasses 0.05 0.033 32 960 - 
Plaster board 0.01 0.25 2,800 896 - 
Internal Wall Gypsum board 0.10 0.28 800 1,090 1.627 - 
Glazing Laminated green 
glass 0.12 0.9 2,500 880 5.778 0.623 
4. Analysis of Life Cycle Cost 
In this study, the life cycle cost (LCC) is determined simply as the summation of capital cost, and 
operational energy cost.  The installation cost of an air-conditioning system was presented and analyzed 
in terms of its present worth (P) that accounts already for difference of equipment life span (n) in the 
systems and the value change of money with time.  To account for the equipment life time and the value 
of money change with time, the equipment cost incurred at different points of time were converted to the 
annualized value using Eq.1  
 
 
  
n
n
1+i -1
P = a.
i 1+i
ª º« »« »¬ ¼
 
 
(1) 
 
 
Here, the loan interest rate (r) was assumed justifiably at a typical rate of 7% per annum.  The life 
time of centralized air-conditioning system are approximated about 15 years.  Energy cost contributes a 
majority of the operating cost of building.  Energy cost in this study was derived from the electricity use 
of the air-conditioning system.  Annual energy consumption of the building was calculated using 
DesignBuilder simulation software.  Annual energy cost could be obtained from multiplication of the 
annual energy consumption and the average electrical energy price.  The energy cost also included the 
demand charge and tax.  Similarly, the annual energy cost has to be converted to the present worth.  The 
escalation rate (r) of electricity price 3.5% a year was assumed for this study. 
Although the annual electricity consumption of the A/C system was assumed to be constant, the annual 
cost of electricity increases with an escalation rate.  To determine the annualized electricity cost, the 
annual electricity cost is needed to convert first to the present worth value and then convert it to 
annualized value again by using Eq.2 
 
 
 
n
n
1+r 1+rP = a 1-
i - r1+i
ª º ª º « » « »¬ ¼« »¬ ¼  
(2) 
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5. Results and Discussions 
5.1 Office building 
Figure 4 illustrates the hourly cooling load profiles of the generic office building obtained from the 
simulation.  The load profiles are presented for working days (Monday-Friday) and weekend (Saturday 
and Sunday).  From the figure, the cooling load on working days peaks during morning.  A lower peak 
appears again in the late afternoon.  The building cooling load is relatively low at noon by assuming that 
some electric lamps are switched off.  The load also decreases due to people leaving for their lunch.  The 
office was assumed to operate half day on Saturday. 
 
 
Fig. 4. Cooling load profile of office building. 
 
Table 6 exhibits the simulated monthly cooling load of the generic office model.  The results in Table 
6 were used to determine the annual electrical energy cost due to air-conditioning for office building.  The 
equipment cost and energy cost were all converted into the annualized values that account for equipment 
life time, interest rate and escalation of electricity tariff (TOU rate). 
 
Table 6  Monthly cooling load of the generic office model. 
 
Month On-peak (kWhth) Off-peak (kWhth) Max. (kWhth) Total (kWhth) 
Jan 751,919 84,199 5,515 836,118 
Feb 667,476 88,780 4,508 756,257 
Mar 813,013 123,288 5,663 936,302 
Apr 872,754 125,057 6,028 997,812 
May 900,918 133,615 5,791 1,034,533 
Jun 834,198 141,837 5,818 976,035 
Jul 816,071 118,897 5,292 934,968 
Aug 788,422 122,650 5,331. 911,072 
Sep 791,089 113,006 5,157 904,095 
Oct 806,284 121,838 5,472 928,122 
Nov 720,819 99,544 4,893 820,364 
Dec 499,267 61,471 4,809 560,739 
Total 9,262,236 1,334,186 - 10,596,423 
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Figure 5 exhibits plots of LCC of A/C systems as function of performance (COP) and system cooling 
capacity.  From the figure, the plots are shown respectively for the LCC calculation of air-cooled chiller, 
water-cooled water chiller of the office case.  It is found that the air-cooled chiller with COP 3.00 gives 
the lowest LCC and there is no “Turn point” of the LCC.  For water-cooled water chillers, the turning 
point appears at the chiller performance range COP 6.76-7.65. 
 
  
(a) LCC for air-cooled chiller                                   (b) LCC for water-cooled chiller 
 
Fig. 5. LCC of A/C systems as functions of COP for office buildings. 
 
5.2 Department Store and Hypermarket 
 
The same analysis procedures were performed for department store buildings.  A generic building of 
the department store was modeled by the DesignBuilder.  Building utilization patterns were made to 
correspond with the building type.  The utilization pattern was also set to match the typical specific 
energy consumption (SEC) of department store building reported by DEDE to the simulation one.  From 
the simulation, Figure 6 illustrates the cooling load profile of the department store generated for work 
days and holidays.  The load patterns are identical for both working days and holidays. 
 
 
Fig. 6. Cooling load profile of department store building. 
 
The results in Table 7 were used to determine the annual electrical energy cost due to air-conditioning 
for building. Figure 7 exhibits plots of LCC of A/C systems as function of performance (COP) and 
system cooling capacity.  The trend lines look similar to the plots in Fig. 5 of the office case.  It is found 
92   Pooriwat Sertsungnern and Pipat Chaiwiwatworakul /  Energy Procedia  9 ( 2011 )  84 – 94 
 
that the air-cooled chiller with COP 3.00 gives the lowest LCC and there is no “Turn point” of the LCC. 
For water-cooled water chillers, the turn point appears at the chiller performance range COP 6.76-7.65. 
 
Table 7. Monthly cooling load of department store building. 
 
Month On-peak (kWhth) Off-peak (kWhth) Max. (kWhth) Total (kWhth) 
Jan 739,078 269,316 4,022 1,008,394 
Feb 632,255 251,881 3,233 884,136 
Mar 796,898 382,128 4,016 1,179,027 
Apr 898,174 325,972 4,317 1,224,146 
May 938,706 314,940 4,082 1,253,646 
Jun 800,521 419,534 3,931 1,220,055 
Jul 851,212 291,058 3,686 1,142,271 
Aug 776,347 317,350 3,842 1,093,698 
Sep 745,417 325,995 3,649 1,071,412 
Oct 795,469 305,260 3,620 1,100,730 
Nov 689,379 287,846 3,529 977,226 
Dec 556,543 233,477 3,499 790,021 
Total 9,220,005 3,724,762 - 12,944,768 
 
  
(a) LCC for air-cooled chiller   (b) LCC for water-cooled chiller 
 
Fig. 7. LCC of A/C systems as functions of COP for Department store buildings. 
 
5.3 Hotel and Hospital 
 
Again, the DesignBuilder was employed to develop a generic building model but now for hotel. 
Figure 8 illustrates the cooling load profiles of the hotel building obtained from the simulation for work 
days, Saturday and Sunday.  
The results from DisignBuilder in Table 8 were used to determine the annual electrical energy cost 
due to air-conditioning for building. 
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Fig. 8. Cooling load profile of a generic hotel building. 
   
Table 8. Monthly cooling load of the generic hotel model. 
 
Month On peak (kWh) Off peak (kWh) Max. (kWh) Total (kWh) 
Jan 593,643 501,047 2,851 1,094,690 
Feb 512,307 532,773 2,317 1,045,080 
Mar 647,915 766,812 2,749 1,414,728 
Apr 732,815 791,725 3,058 1,524,540 
May 765,070 762,578 2,929 1,527,649 
Jun 654,109 881,051 3,097 1,535,160 
Jul 688,386 705,725 2,815 1,394,112 
Aug 633,456 686,747 2,742 1,320,203 
Sep 607,946 679,121 2,696 1,287,068 
Oct 648,800 714,506 2,775 1,363,307 
Nov 557,860 583,578 2,525 1,141,439 
Dec 442,472 421,942 2,548 864,414 
Total 7,484,785 8,027,610 - 15,512,396 
 
 
        
(a) LCC for air-cooled chiller   (b) LCC for water-cooled chiller 
 
Fig. 9. LCC of A/C systems as functions of COP for Office buildings. 
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Figure 9 exhibits plots of LCC of A/C systems as function of performance (COP) and system cooling 
capacity.  It is found that the air-cooled chiller with COP 3.00 gives the lowest LCC and there is no “Turn 
point” of the LCC. For water-cooled water chillers, the lowest point appears at the chiller performance 
COP 7.65. 
6. Conclusions 
In this study, the life cycle cost of the chillers was determined as function of its COP performance.  It 
can be found that in most cases the best performance of the chillers offer the minimum life cycle cost 
regardless of size of equipment and types of buildings.  From the life cycle cost analysis, the suitable 
schemes to rate the energy performance of A/C equipment can be shown as follows. 
 
Table 9. Rating scheme of the higher energy efficient chillers. 
 
Performance rating scheme 
Chiller’s Performance 
COP [kW/TR] 
Air-cooled chiller Water-cooled chiller 
Good 2.61< COP ≤ 2.68 [1.35> kW/TR ≥1.31] 
4.63 < COP ≤ 5.25 
[0.76 > kW/TR≥0.67] 
Very Good 2.68< COP < 2.81 [1.31> kW/TR >1.25] 
5.25  < COP <  6.39 
[0.67 > kW/TR>0.55] 
Excellent 2.81≤ COP ≤ 3.02 [1.25≥ kW/TR ≥1.17] 
6.39 ≤ COP ≤ 7.65 
[0.55 ≥ kW/TR≥0.46] 
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